Introduction
Copper (Cu) is an important nutrient determining the proper development and functioning of the body (Al-Naimi et al., 2010; Majewski et al., 2017) .
This microelement stabilizes cell membrane permeability by taking part in oxidation of membrane thiol compounds to disulphides (Kim et al., 2008) . It is also a component of numerous enzymes responsible for energy metabolism (e.g., cytochrome c oxidase, lysyl and ascorbate oxidase) and antioxidant defence of the body (e.g., superoxide dismutase) (Gaetke and Chow, 2003; Ognik et al., 2016; Cholewińska et al., 2018a) . Importantly, Cu is responsible for iron metabolism and its incorporation into haemoglobin molecules, ensuring the proper level of oxygenation of the body. Cu also has an important role in the synthesis of elastin, collagen and melanin, which protects the body against ageing (Collins et al., 2010) . The presence of Cu in the body, through its participation in the synthesis and denaturation of neurotransmitters, also helps to maintain the integrity of the central nervous system (Opazo et al., 2014) . By contributing to the transformation of arachidonic acid and synthesis of prostaglandins, Cu reduces the severity of inflammatory processes in the body (Ognik et al., 2016) .
Most of the available research results suggest that Cu is an element that should be supplemented into the diet. Otherwise, its deficit in the body may result in serious metabolic and functional disorders (Huang and Failla, 2000; Harless et al., 2006; Pyatskowit and Prohaska, 2008; Smith et al., 2008; Ozkul et al., 2011; Matak et al., 2013; Wazir and Ghobrial, 2017; Cholewińska et al., 2018b) . Symptoms of Cu deficiency in the body include anaemia, neutropenia, growth and reproduction disorders, bone damage, heart failure and gastrointestinal disorders (Aoki, 2004) . Hypercholesterolemia, hypertension and glucose intolerance may also occur (Song et al., 2012) . In young, developing individuals, Cu deficiency may result in hypotonia, psychomotor delay and hypothermia (Aoki, 2004) . Acquired Cu deficiency is also associated with a number of serious neurological changes, such as myelopathy, isolated peripheral neuropathy, cerebral demyelination or optic neuropathy (Jaiser and Winston, 2010) . Failure to satisfy the body's need for Cu may also cause vision disorders due to demyelination or dysmyelination of the optic nerves (Dake and Amemiya, 1991) . There is some probability that Cu deficiency may be directly linked to the incidence of Alzheimer's disease, which etiopathogenesis is not yet fully understood; the content of this microelement has been found to be significantly lower in biological material collected from Alzheimer's disease patients as compared to individuals with confirmed dementia or other neurological diseases (Deibel et al., 1996; Klevay, 2008) .
In recent years there were few studies showing that the lack of supplementation of Cu in the diet is not as harmful as previously assumed. The organism can adapt perfectly to these seemingly unfavourable eating conditions (Seol et al., 2015; Shukla et al., 2015) . Therefore, the aim of our study was to assess the effect of a Cu deficiency in the diet on the absorption and biodistribution of this element and on haematological, immune and biochemical parameters in rats.
Material and methods

Animal protocol and dietary treatments
All animal care and experimental protocols were in compliance with current laws governing animal experimentation in the Republic of Poland and with guidelines established by an ethics committee, in accordance with the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes, Directive 2010/63/EU for animal experiments, and were approved by the appropriate Local Institutional Animal Care and Use Committee.
Thirty-two healthy male albino Wistar rats {(Han IGS Rat [Crl:WI(Han)]} aging 5 weeks with an average body weight of 135 ± 10 g were randomly divided into 2 groups. The rats were housed aimlessly and individually in stainless steel cages at a stable temperature (21-22 °C), relative humidity 50 ± 10%, a 12-h light-dark cycle, and a ventilation rate of 20 air changes per hour. For 7 or 35 days (CuH-7 -8 animals, CuH-35 -8 animals, CuL-7 -8 animals, CuL-35 -8 animals, respectively), the rats had free access to tap water and semi-purified diets, which were prepared and then stored at 4 °C in hermetic containers until the end of the experiment (Table 1) . The diets were modifications of a casein diet for laboratory rodents (AIN-93G) recommended by the American Institute of Nutrition (Reeves, 1997) . In the study, two experimental treatments were used to evaluate the effects of the CuCO 3 presence or absence in the diet.
The rats were divided into following groups: CuH group -the rats were fed a diet with a standard mineral mixture (MX) resulting in 6.5 mg Cu (from CuCO 3 in MX) per kg of diet; and CuL group -the rats were fed a diet with a MX without Cu supplementation (CuCO 3 excluded from MX). The rats in each group (CuL or CuH; 16 rats in each) received their respective diet for 7 or 35 days -T7 or T35, respectively (8 rats from each group; in total 4 subgroups) ( Table 2 ). The detailed composition of the mineral mixtures used in the experimental groups is given in Table 3 .
All physiological measurements were made separately for each animal (n = 8 for each subgroup). During the study, Cu digestibility and utilization tests (balance tests) were carried out. After a 10-day preliminary period, the faeces and urine were col-lected for 5 days from all rats, which were kept in balance cages (Tecniplast S.p.A, Buguggiate, Italy). The content of Cu in the diets, drinking water, faeces and urine collected in the balance period was assayed using the methods described below.
On T7 and T35 the rats were fasted for 24 h and anaesthetized with ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight) according to the recommendations for anaesthesia and euthanasia of experimental animals. Then, after laparotomy, blood samples were taken from the caudal vena cava, and finally the rats were euthanized by cervical dislocation. On T7 liver and jejunum, whereas on T35 liver, brain and jejunum were dissected (for histological examination, and for histological examination and Cu content test in brain and liver, respectively).
Cu analyses
Cu content in water, feed mixture, urine, faeces, brain, and liver samples was determined by an inductively coupled plasma optical emission spectrometry (ICP-OES) (Shimadzu, Kyoto, Japan). A Certified Reference Material NIST-1577C Bovine liver (Merck KGaA, Darmstadt, Germany) was used for quality control.
Blood analyses
The concentrations of Cu, Zn, Fe, Ca, P and Mg in the blood were determined by ICP-OES. The Certified Reference Material NIST-1577C Bovine liver (Merck KGaA, Darmstadt, Germany) was used for quality control.
Haematological blood parameters, i.e. red blood cells (RBC), haemoglobin (HB), haematocrit (HCT), as well as total white blood cells (WBC) and some WBC subpopulations, were analysed using an automatic haematology analyser (Abacuss Junior Vet, Diatron, Hungary).
The level of rat immunoglobulins (Ig) of classes IgA, IgM and IgE and interleukin (IL)-6 in the plasma were determined on an ELISA reader (Rayto Life and Analytical Sciences Co., Ltd, Shenzhen, P.R. China) using commercial kits from Elabscience Biotechnology Co., Ltd., Houston, TX, USA).
The content of uric acid (UA), urea (UREA), albumin (ALB), creatinine (CREAT), glucose (GLU), total protein (TP), bilirubin (BIL), total cholesterol 
Histological examination of the liver and jejunum
Samples of the liver and jejunum were cut in two lengthwise and fixed for 24 h in 5% formalin, pH = 7.2. Within 24 h the fixed tissue fragments were passed through increasing concentrations of alcohol solutions, acetone and xylene into paraffin blocks in a tissue processor (Leica TP-20, Nussloch, Germany). Paraffin-embedded microscope sections 5 µm thick were stained with haematoxylin and eosin (HE staining). Morphometric evaluations of the liver, length of the villi and depth of the crypts were carried out using a computer-assisted microscopic image analysis system. The system consisted of a light microscope (Nikon Eclipse E600, Badhoevedorp, The Netherlands) with a digital camera (Nikon DS-Fi1, Badhoevedorp, The Netherlands) and a PC with image-analysis software (NIS-Elements BR-2.20, Laboratory Imaging, Nikon, Badhoevedorp, The Netherlands). In each jejunum tissue slide, 20 villi cut in two lengthwise and 20 crypts were measured. The length of the villi was measured from the tip to the base.
Statistical analysis
The obtained numerical data were subjected to statistical analysis using Statistica 10.0 PL software (StatSoft Polska, Krakow, Poland). The following analyses were used: one-way ANOVA (Table 10) and two-way ANOVA (Tables 4-9) to examine the main effects: L -level of dietary Cu (two level of dietary Cu: higher (recommended) Cu level and reduced Cu level; CuH and CuL treatments, respectively), T -feeding period (7 and 35 days, respectively), and the interaction between these two factors (L × T). If the analysis revealed a significant interaction (P ≤ 0.05), the differences among the respective treatment groups were then determined with the Newman-Keuls post-hoc test at P ≤ 0.05. Treatment effects were considered to be significant at P ≤ 0.05.
Results
The effect of the Cu level in the diet
Two-way ANOVA analysis showed that in the plasma of the rats from CuL treatment, the contents of Cu, Zn and Fe (P < 0.0001, P = 0.048 and P = 0.047, respectively) were lower whereas the content of Mg was higher (P = 0.038) than in the rats from CuH treatment (Table 4 ). In the blood of the rats receiving CuL diet, the lower levels of granulocytes (10 9 /l), monocytes (%) and HCT (P = 0.004, P = 0.033 and P = 0.037, respectively) were noticed as well as higher levels of WBC and LYM (10 9 /l) (P = 0.015 and P = 0.033, respectively) in comparison to the rats from CuH treatment ( Table 5 ). The lowered contents of the IgA, IgM and IL-6 (P < 0.0001, P < 0.0001 and P = 0.037, respectively) in the plasma of the CuL rats were also noticed (Table 6 ). Moreover, in the plasma of the rats from CuL treatment decreased contents of GLU and BIL (P = 0.031 and P = 0.004, respectively) were found in comparison to CuH group (Table 7) . In CuL rats, there was an increase in the mean depth of the jejunum crypts (P = 0.024) in comparison to rats treated with CuH (Table 8 ). There was also an increase in ALP and GGT activities (P = 0.004 and P = 0.048, respectively) in the plasma of CuL rats as compared to rats from CuH treatment ( Table 9 ).
The effect of the feeding period
According to two-way ANOVA longer period of feeding (T35) increased the content of Cu Table 2 ; SEM -standard error of the mean;
A-D -means within the same row are significantly different at P ≤ 0.05 according to NewmanKeul's mean comparison Table 2 ; WBC -white blood cell count; LYM -lymphocytes; GRA -granulocytes; MI -microcytes; RBC -red blood cell count; HB -haemoglobin content; HCT -haematocrit; SEM -standard error of the mean; A-D -means within the same row are significantly different at P ≤ 0.05) according to Newman-Keul's mean comparison Table 2 ; IgA -immunoglobulin A; IgM -immunoglobulin M; IgE -immunoglobulin E; IL-6 -interleukin 6;
A-D -means within the same row are significantly different at P ≤ 0.05 according to Newman-Keul's mean comparison Table 2 ; GLU -glucose; TP -total protein; UA -uric acid; UREA -urea; CREAT -creatinine; BIL -bilirubin; ALB -albumin; TC -total cholesterol; HDL -HDL cholesterol; TG -triacylglycerols;
A-D -means within the same row are significantly different at P ≤ 0.05 according to Newman-Keul's mean comparison Table 2 ; A-B -means within the same row are significantly different at P ≤ 0.05 according to Newman-Keul's mean comparison and Fe (P = 0.002 and P = 0.004, respectively) and decreased Zn and P contents (P < 0.0001 and P = 0.034, respectively) in comparison to T7 feeding period (Table 4) . There was also an increase in WBC, LYM (10 9 /l), MID, GRA, MI, GR, RBC, HB and HCT levels (P = 0.023, P = 0.008, P = 0.014, P = 0.036, P = 0.008, P = 0.047, P = 0.024, P = 0.047 and P = 0.004, respectively) in the blood of rats from T35 group (Table 5 ). Higher levels of IgM and IL-6 (P < 0.0001 and P = 0.006, respectively) and lower IgA content (P < 0.0001) in the blood of rats under the influence of T35 feeding period in comparison to T7 feeding period were determined (Table 6 ). In addition, the two-way ANOVA revealed that feeding rats for 35 days increased the contents of GLU, UA and ALB (P < 0.0001, P = 0.027 and P = 0.044, respectively) as well as decreased the contents of BIL, TC and TG (P < 0.0001, P = 0.007 and P = 0.034, respectively) as compared to T7 feeding period (Table 7) . Feeding rats for a 35-day period resulted in an increase in both the depth of the crypts and the villi length of the jejunum (P < 0.0001 and P = 0.003, respectively) in comparison to T7 feeding period (Table 8) . Furthermore, lower AST, ALT and LDH activity (P = 0.005, P = 0.003 and P = 0.004, respectively) and higher ALP and GGT activities (P >0.0001, both) were also found in rats fed for 35 days (Table 9). Extended (T35) period of feeding CuL diets resulted in decreased plasma content of Cu (P = 0.002; Table 4), IgA, IgM, IL-6 (P < 0.001, P < 0.001 and P = 0.006, respectively; Table 6 ) and BIL (P < 0.0001; Table 7 ), as well as activity of GGT (P > 0.0001; Table 9 ). However, after the 35-day period of feeding CuL diet increased contents of Zn (P < 0.0001; Table 4), WBC, LYM (10 9 /l) and GRA (P = 0.023, P = 0.008 and P = 0.036, respectively; Table 5 ) as well as activity of ALP (P >0.0001; Table 9 ) were noted in comparison to CuH group.
The effect of Cu level in the diet on the Cu biodistribution
Data on the biodistribution of Cu in the rats are presented in Table 10 . A significant reduction in total excretion of Cu in the urine and faeces (P < 0.0001) of rats receiving CuL diet in relation to the rats receiving CuH diet containing the recommended quantity of this element was shown. It was caused by significant decrease in the level of Cu excretion in the faeces (P < 0.0001) in the CuL rats as compared to the CuH group, despite an increase in urinary excretion of Cu (P = 0.003) by the CuL rats in comparison to the CuH rats. Thus, the Cu digestibility index was significantly higher (P < 0.0001) in the rats from the CuL treatment than in the CuH group. The Cu utilisation index, which takes into account the loss of Cu in both faeces and urine, was lower (P = 0.009) in the rats from the CuL treatment Table 2 ; 2 total Cu intake from diet and water (Cu concentration in water administered to rats was 0.0182 mg/l); 3 Cu content day 35 of the experiment;
A,B -means within the same row are significantly different at P ≤ 0.05 according to Newman-Keul's mean comparison Table 2 ; AST -aspartate aminotransferase; ALT -alanine aminotransferase; ALP -alkaline phosphatase; GGT -γ-glutamyl transferase; CK -creatine kinase; LDH -lactate dehydrogenase;
A-D -means within the same row are significantly different at P ≤ 0.05 according to NewmanKeul's mean comparison than in those from the CuH group. In the CuL rats, there was also a reduction in the hepatic Cu content (P < 0.0001) as compared to the rats from the CuH group. However, there was no effect of experimental treatments on the content of Cu in the rat brain (Table 10 ).
The effect of Cu level in the diet and feeding period on the histology of the liver
On T7 there were also no significant differences found in the liver morphology of the rats from the CuL treatment (Figure 1) . Histopathological examination on T35 showed passive hyperaemia and a small degree of vacuolar degeneration in the rats from the CuL group, whereas in the rats receiving the standard level of Cu in the diet the degree of vacuolar degeneration was high.
Discussion
The results of our study showed that a reduced level of Cu in the rat diet increased the excretion of Cu in the urine with a simultaneous drastic reduction in the quantity of Cu excreted in the faeces. Consequently, it resulted in a significantly lower level of total Cu excretion in comparison to rats fed a diet containing the recommended Cu level. Increasing Cu excretion in urine indicates that this element was absorbed in the gastrointestinal tract, undergone metabolic processes in the body and then was excreted. In turn, the excess of ingredients which haven't been absorbed in the gastrointestinal tract is excreted in the faeces. The results of our research have also shown that a reduced level of Cu in the rat diet caused this element retention percentage and digestibility increasement as compared to the group receiving the recommended amount of Cu in the diet.
Similarly, Lee et al. (2016) noted a significant reduction in the amount of Cu excreted by rats receiving a Cu-poor diet for 28 days as compared to rats receiving Cu nanoparticles (25 nm) orally at 100, 200 or 400 mg/kg BW. Arnal et al. (2014) , who fed rats a Cu-poor (trace amounts) diet for 30 days, noted lower excretion of Cu in the faeces in relation to the control group fed a diet that fully satisfied the need for this microelement. The results of our research, confirming the observations of other authors (Arnal et al., 2014; Lee et al., 2016) , suggest that in the rat body better supplied mineral is used (with reduced excretion in the faeces which is supposed to prevent shortages). It is likely that the small amounts of this element present in the natural components of the diet (starch, casein, oil, etc.) can be successfully absorbed by the body. These assumptions are confirmed by the lack of variation in the amount of feed consumed, body weight, and relative weight of selected internal organs between the two experimental groups (unpublished data).
Numerous studies indicate that the liver, kidneys and brain are the organs in which the most Cu is accumulated (Ozkul et al., 2011; Arnal et al., 2014; Kumar et al., 2015; Seol et al., 2015) . Seol et al. (2015) reported a decrease in Cu content in the liver of mice fed a Cu-deficient diet (0.93 mg Cu/kg) for 11 weeks in relation to controls receiving the recommended dose of Cu (6.36 mg Cu/kg) in the diet. In a study by Lee et al. (2016) it was also shown lower Cu content in the liver, kidneys, spleen, brain, lungs and heart of rats fed a Cu-deficient diet for 28 days as compared to animals receiving 100, 200 or 400 mg Cu/kg by gavage. The results of our study confirm that the Cu content in the liver of the rats decreased as a consequence of eliminating the CuCO 3 supplement from their diet. However, no significant differences were found in the content of this element in the brain between the two experimental groups. There are no statistically significant differences in the accumulation of Cu in the brain of both experimental groups probably due to the fact that the used dose corresponded to recommended one or was lower than recommended, and therefore was too low to cause accumulation of this element in the brain. In turn, the liver is an organ through which all chemical compounds present in food pass through, therefore first of all cumulative processes occur in it. The differences observed in Cu accumulation in the brain and the liver may be due to the fact that Cu transported from peripheral blood to the brain must overcome the blood-brain barrier (BBB). Therefore, it may be assumed that due to this additional protection, Cu is accumulated in the brain slower than in the liver. So, to obtain visible changes in the level of Cu in the brain between the two experimental groups a lot of time is needed (Scheiber et al., 2014) . Cu + and Cu 2+ ions present in the lumen of the small intestine are absorbed into the enterocytes mainly by means of Cu transporter 1 (CTR1), and to a lesser extent divalent metal transporter 1 (DMT1). From the enterocytes, Cu 2+ ions enter the blood by means of copper-transporting ATPases ATP7A and ATP7B (Ognik et al., 2016) . The results of our research have shown that a lowered Cu level in the diet is reflected in a decrease in the content of this element in the plasma of rats. Similarly, Ozkul et al. (2011) reported significantly lower content of this microelement in rats receiving a diet without Cu for 28 days than in animals fed a diet containing 15 mg Cu/kg during this period.
A deficiency of Cu in the body, especially during its intensive growth, may also adversely affect the absorption of other micronutrients, disrupting the functioning of the entire body (Ajayi, 2005) . Scientific research demonstrates that a deficiency of Cu negatively affects absorption of Fe, resulting in disorders of its metabolism, and consequently the development of anaemia and the accumulation of this micronutrient in the liver. This is presumed to be a consequence of reduced activity of Cu-dependent enzymes such as ceruloplasmin or hephaestin, which are responsible for the proper distribution and metabolism of Fe (Vulpe et al., 1999; Pyatskowit and Prohaska, 2008) . This was confirmed by the results of our study, which showed a reduction in the plasma content of Fe under the effect of using a reduced level of Cu in the diet for 7 days. Nevertheless, along with the extension of the period of the administration of experimental diet, the level of Fe in the plasma has stabilized.
Our study also showed an increase of Mg content in the plasma of rats under the effect of reducing the level of Cu in the diet but only at T7. At T35 no such effect was observed. Maintaining an appropriate level of this element in the body is very important, because as an activator of numerous enzymes, it participates in many metabolic processes such as protein transformations and energy production (Ajayi, 2005) . The results of our research, however, indicate that a lowered level of Cu in the rat diet activates adaptation mechanisms that prevent disruption of the absorption and metabolism of important micronutrients, as indicated by the increase in the level of Cu in the blood plasma of rats receiving a diet with a reduced level of Cu as a result of the extension of the experimental period. In our study we have also shown a reduction in the level of P in the blood plasma of rats after experimental period extension, where the values of these indicators did not differ significantly between the two experimental groups in both experimental terms. Therefore, it may be assumed that changes in the content of this microelement in the blood of rats were not caused by the applied treatments, but they were physiological and related to the rat growth process. Our study have also shown that content of Zn was decreased in CuL treatment in comparison to CuH treatment at T7 but elongated feeding period (T35) caused an increased content of this microelement in the blood of CuL rats in comparison to CuH group. Zn is a component of many proteins, including important enzymes such as Cu-Zn-SOD (Andreini et al., 2006) . It also plays a crucial role in the synthesis of insulin and regulation of its secretion, as well as glucagon secretion (Donangelo and King, 2012) . The available literature proves that between Cu and Zn an antagonism may occur (Evliyaoğlu et al. 2004 ). In our study the antagonistic effect of Cu on the level of Zn was revealed only at T35.
The available data shows that too low level of Cu in the diet may also result in the development of anaemia and neutropenia (Harless et al., 2006; Matak et al., 2013; Wazir and Ghobrial, 2017) . This is probably due to the reduced activity of Cu-dependent enzymes responsible for the proper maturation of haematopoietic cells and to less efficient utilization of Fe (Harless et al., 2006) . However, our results indicate that the reduction of the Cu level did not exert negative effect on haematological parameters in rats. The lack of differences between CuL and CuH groups both in T7 and T35 indicates that such Cu reduction in the diet did not influence haematological parameters. And the observed changes between T7 and T35 (regardless Cu level) are connected with animals growing.
The available literature proves that the negative effect of Cu deficiency on innate and acquired immunity may also be manifested as inhibition of IL-2 secretion and proliferation of activated T lymphocytes, as well as impairment of respiratory burst and the activity of phagocytic cells (Huang and Failla, 2000; Smith et al., 2008) . Cu deficiency probably also modifies the secretion of inflammatory mediators, such as tumour necrosis factor α (TNF-α), interleukins (IL-1 and IL-6) and prostaglandin E 2 (PGE 2 ) (Huang and Failla, 2000) . The results of our study indicate that extending the time of feeding rats experimental diets, regardless of the level of Cu, increases the level of WBC, LYM and GRA, however, the values of these parameters are clearly higher for rats treated with CuL, which may indicate that Cu deficiency in the rat diet intensifies inflammatory processes in the body. On the other hand, the opposite trend was observed for IgM and IL-6 levels in rat blood plasma. Extension of the experimental period resulted in increased levels of these indicators, however in the CuL group IgM and IL-6 values were lower than in the CuH group. In addition, in the rats from CuL treatment lower IgA levels were observed at both experimental terms. This may suggest that the level of immune status indicators may change physiologically with the growth of rats. However, the lower level of immunoglobulins may indicate a shortage of humoral immunity (Gonzalez-Quintela et al., 2008) . The increase in WBC also confirms a decrease in immunity. Although the content of IL-6, which is an indicator of the inflammatory process, decreased, the level of this indice increases only in strong inflammatory states (Tanaka et al., 2014) . Therefore, our results are difficult to interpret, however, it may be assumed that these changes may be the initial reaction suggesting a weakened immunity in response to a reduced amount of Cu in the diet. Therefore, further studies on longer time of administration of experimental diets in order to clearly determine the direction of changes in the immune response in rats are needed.
Extending the time during which the rats were subjected to the CuL treatment (lack of CuCO 3 supplementation) caused a decrease in the IgE level relative to the control at T35, which was not observed in T7 period. An increase in the level of IgE in the blood usually accompanies allergic reactions (Manohar and Selvakumaran, 2012) . Although Cu is thought to rarely cause allergies and to have low allergenic potential, it cannot be ruled out that when introduced to the body it may cause minor allergic reactions (Wöhrl et al., 2001) . This would explain the higher level of IgE in the blood of rats receiving the recommended dosage of CuCO 3 as compared to animals whose diet was not supplemented with this element.
There is little information on the effect of Cupoor diet on the biochemical parameters of plasma in rats. The extension of the use of both experimental treatments has reduced the levels of GLU and ALB in the blood plasma of rats, however their lower values were stated in the CuL group. Albumins perform many important functions in the body: they participate in the transport of metals, fatty acids, cholesterol, and bile pigments and regulate osmotic pressure and the distribution of fluids between compartments. Albumin is also the main antioxidant in plasma, whose components are constantly exposed to reactive oxygen species (ROS) (Roche et al., 2008) . It may be assumed that although changes in ALB level are undoubtedly physiological (increasing the level of this indicator in both groups over time) by lowering the level of Cu in the rat diet may weaken the antioxidant status of the body.
According to the results of the study by Lei et al. (2008) the level of Cu in the diet increases as the level of BIL increases. Our research confirms this raport. There was noticed a significant decrease in the level of BIL in the blood of CuL rats relative to the CuH rats at T35. BIL is currently considered an important endogenous antioxidant, whose low level may promote heart disease, stroke and dementia (Bulmer et al., 2008) . This is another proof that the deficit of Cu in the rat diet may negatively affect the body by weakening the antioxidant defence. Also, low level of Cu in the diet may adversely affect lipid metabolism and lead to an increase in the TG, TC or LDL levels in serum (Kaya et al., 2006; Burkhead and Lutsenko, 2013; Megahed et al., 2014) . However, the results of our research do not confirm these reports. We have shown a decrease in the level of TC and TG in the blood plasma of rats as a result of the extension of the experimental period both in the CuH and CuL groups. The lack of differences in the values of these parameters between the two experimental groups suggests that these changes were physiological changes occurring in the body of growing animals, and did not depend on the Cu level in the diet.
Excessive accumulation of Cu + and Cu 2+ ions introduced into the body via the digestive tract may lead to adverse functional and structural changes in important internal organs, including liver and kidneys (Liao and Liu, 2012; Lee et al., 2016) . Our results showed an increase in the activity of liver enzymes ALP and GGT in the plasma of the rats as a consequence of T35 feeding period wherein ALP activity increased particularly in rats from the CuL group, whereas GGT activity showed the opposite tendency and was higher in the CuH group than CuL. The activity of enzymes such as AST and ALT was decreased in comparison to CuH rats, which suggests that these changes were physiological and were associated with the process of animal growth. Therefore, it may be assumed, that various enzymes react differently to the level of Cu in the diet. Both excess and deficiency of Cu negatively affect the enzymatic profile of the body. Furthermore, histopathological examination of the liver in the CuL rats on day 35 of the experiment showed only passive hyperaemia of the liver tissue accompanied by a small degree of vacuolar degeneration, while in rats receiving the recommended dosage of Cu in the diet a high degree of degeneration of liver tissue was observed. Similarly, Tomaszewska et al. (2014) , administering Cu to rats at a level meeting 100% or 75% of the daily requirement for 30 days, noted an increase in the number of apoptotic cells and in ballooning degeneration of hepatocytes in the livers, while the livers of rats receiving only 25% of the daily Cu requirement in the diet did not show similar changes. In addition, in our study there was found an increase in the length of the intestinal villi and depth of intestinal crypts when feeding period was extended regardless Cu dose. Therefore, it may be assumed that the level of Cu present in the natural components of the diet was sufficient to maintain normal morphology and functioning of the intestines in rats. In addition, the changes in intestinal morphology observed during the experiment are physiological and related to the growth of rats.
The similar effect of using CuH and CuL diets observed in our studies over a period of 35 days to increase or decrease the level of some blood indicators, as well as intestinal morphometry, suggests that this is the effect of physiological changes in these ratios in growing rats. Rats commonly used in experimental models usually aged 8-12 weeks. So, these are young specimens that still have many developmental processes, including hormonal balance stabilization lymphocytes T maturation or nervous system development (Jackson et al., 2017) . All these processes can have a significant impact on changes stated for indicators determined in our study.
Conclusions
The obtained results indicate that rats have the ability to physiologically adapt to a short-term (35-day) diet with a reduced level of Cu, because reducing the level of this element in the diet is regulated by biodistribution mechanisms and reduced excretion of it from the body. However, the 35-day period of feeding diet with a reduced content of Cu caused changes in many indicators of the immune and biochemical systems -weakness of immune response and the bilirubin and albumin metabolisms that play an antioxidant role in the body. The obtained results of the study may also depend to a large extent on the process of rat growth, therefore it may not be assumed that Cu supplementation in rats is completely unnecessary. Therefore, further studies are necessary to determine the optimal dose of Cu in the diet, as well as its long-term effect on the rat body.
